INTRODUCTION
Fosfomycin is a natural antibacterial agent that has been known for 440 years. Oral fosfomycin has been approved by the Food and Drug Administration for the treatment of uncomplicated urinary tract infections (UTIs) in adult women that is caused by Escherichia coli. 1, 2 The rapid emergence and spread of multidrug-resistant pathogens including Pseudomonas aeruginosa has resulted in revived interest in the parenteral use of fosfomycin to treat infections other than UTIs. [3] [4] [5] [6] It is generally well tolerated at therapeutic doses, with a low incidence of adverse events. However, clinicians use the medication mainly as a combination therapy, because fosfomycin resistance occurs rapidly with monotherapy. 6 Resistant subpopulations are proposed to be selectively enriched in a specific range called the mutant selection window (MSW), the concentration range between MIC and mutant prevention concentration (MPC). 7 MPC is defined as the lowest antibiotic concentration that prevents the growth of resistant mutants with a density of inoculum ⩾ 10 9 CFU ml -1 . 8 MSW hypothesis has been validated with different antimicrobial-pathogen combinations in vitro and in vivo. [9] [10] [11] [12] It is generally believed that this hypothesis may have broad applications for fighting the growing problem of antimicrobial resistance, and then the clinical applications of MSW were investigated quite intensively in recent years. [13] [14] [15] [16] However, the applicability of the MSW to most of these antimicrobial-pathogen combinations was investigated only with in vitro model. In previous studies, this concept has also been proven to be relevant for vancomycin, but our in silico simulation results truly questioned the anti-mutant pharmacokinetics/pharmacodynamics (PK/PD) index derived from in vitro experiments. 12, 17 Thus, we believe that results obtained from in vitro experiments cannot usually be reliably extrapolated to in vivo behavior.
In the present study, we tested the MSW hypothesis with fosfomycin, along with an attempt to describe the emergence of fosfomycin resistance in vitro and in vivo. Two standard strains of Gram-negative bacteria, those are E. coli ATCC 25922 and P. aeruginosa ATCC 27853, were exposed to fosfomycin at concentrations below the MIC, between the MIC and MPC and above the MPC in Luria-Bertani broth and in a tissue-cage infection model, respectively. In addition, the emergence of antibiotic resistance in a bacterial population is affected by several factors, of which the biological fitness cost of the mutants has been considered critical. 18 99 and MPC of fosfomycin Under aerobic conditions, the MIC and MIC 99 of fosfomycin for E. coli ATCC 25922 were estimated at 2 and 1.2 μg ml -1 , and those for P. aeruginosa ATCC 27853 were 4 and 3.6 μg ml -1 , respectively. Under anaerobic conditions, the MIC and MIC 99 of fosfomycin for E. coli ATCC 25922 were estimated at 1 and 0.8 μg ml -1 , and those for P. aeruginosa ATCC 27853 were 2 and 1.8 μg ml -1 , respectively. The exact MPC of fosfomycin E. coli and P. aeruginosa were estimated at 57.6 and 102.4 μg ml -1 under both aerobic and anaerobic conditions, respectively. Table 1 shows the frequencies of spontaneous single-step mutations leading to fosfomycin resistance. Both of these two strains had a high mutation frequency to fosfomycin resistance in vitro and exhibited lower frequency of mutants to fosfomycin under anaerobic compared with aerobic conditions. E. coli ATCC 25922 compared with P. aeruginosa ATCC 27853 exhibited lower frequencies of mutants to fosfomycin under both aerobic and anaerobic conditions as summarized in Table 1 . MIC values of all spontaneous mutants increased 8-to 32-fold for fosfomycin. Figure 1 shows the representative survival curves against E. coli ATCC 25922 and P. aeruginosa ATCC 27853 under aerobic and anaerobic conditions. Overall, killing was more rapid under anaerobic conditions. For both strains, bacterial counts increased to ca. 10 9 CFU ml -1 after 24 h without antimicrobials and remained unchanged at × 0.5 aerobic MIC under both conditions. At antibiotic concentrations of × 4, × 8 and × 16 aerobic MIC, fosfomycin did not exhibit rapid bactericidal activity against high-inoculum planktonic bacteria under either aerobic or anaerobic conditions; there was a temporary inhibitory effect until 12 or 24 h and then both the strains quickly re-grew; moreover, the mutants of E. coli and P. aeruginosa with increased MIC were readily selected at the end point of the aerobic and anaerobic time-kill studies. The MICs for all mutants increased to 64-128 μg ml -1 and the observed elevations in the MIC were stable after ten passages on antibiotic-free agar plates.
RESULTS
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At both the lowest ( × 0.5 aerobic MIC) and the highest ( × 32 aerobic MIC) concentrations, no development of resistance to fosfomycin was observed under either aerobic or anaerobic conditions. Effect of fosfomycin dose on bacterial survival in the tissue-cage model When ca. 3.0 × 10 10 bacteria were injected into an implanted ball, 6 out of 60 rabbits died in the first two days and were not further analyzed. Of the six dead rabbits, two were infected with E. coli ATCC 25922 and four were infected with P. aeruginosa ATCC 27853. For the survivors, no severe illness or distress occurred during the observation period. Representative examples of effect of fosfomycin on bacterial survival in the tissue-cage model are showed in Figure 2 . Bacterial concentrations remained constant at ca. 1 × 10 9 CFU ml -1 when rabbits were treated with saline three times daily. For treatment groups, i.v. fosfomycin was administered every 8 h for 3 days or 9 days, beginning at day 3 after infection. Treatment was followed by a 3 day untreated period to allow the outgrowth of residual bacteria. In both E. coli and P. aeruginosa infections, doses of fosfomycin at 30 mg kg -1 per day reduced bacterial numbers at first and bacteria grew quickly to the original level; at doses of fosfomycin ⩾ 100 mg kg -1 per day, similar bacterial growth inhibition was detected, indicating that fosfomycin exerts non-concentration-dependent antimicrobial effects. Against P. aeruginosa, an initial bacterial reduction is observed at doses of fosfomycin ⩾ 100 mg kg -1 per day but ⩽ 900 mg kg -1 per day; however, bacterial re-growth occurred between day 2 and 3 of exposure to fosfomycin alone in the killing curves (Figure 2b ). In contrast, growth inhibition of E. coli was observed for dose of fosfomycin ⩾ 100 mg kg -1 per day, and no bacterial re-growth was observed during the late treatment and post-treatment for all doses of fosfomycin, even when the number of bacteria reduced to below detection limit on day 15 after infection ( Figure 2a ).
Emergence of resistance in vivo
Pharmacokinetics of fosfomycin in rabbits infected with P. aeruginosa, when steady-state kinetics was reached, is depicted in Figure 3a . Samples of P. aeruginosa in tissue-cage fluid were examined for susceptibility to fosfomycin after treatment with various doses. Figure 3b show the time courses of numbers of surviving P. aeruginosa cells on fosfomycin-containing agar plates at antibiotic concentrations within and out of the MSW, whereas Figure 3c present the concomitant changes in susceptibility. At both the lowest (group A, 30 mg kg -1 per day) and the highest (group F, 1200 mg kg -1 per day) dose of fosfomycin, no obvious change in the mutant fraction was observed ( Figure 3b ) and no loss in susceptibility occurred (Figure 3c ). When antibiotic concentrations were inside the MSW (group B, C, D and E), the population was enriched with resistant mutants on the plates with × 4 the MIC of fosfomycin ( Figure 3b) ; meanwhile, the susceptibility of bacteria decreased gradually (Figure 3c ), and resistant mutants selected from group B, C, D and E showed high-fosfomycin MICs of 64-128 μg -1 ml. All selection of resistant mutants occurred at day 2 after fosfomycin treatment, as indicated by both mutant fraction and MIC increases. Furthermore, the observed elevations in the mutant fraction and the MIC were stable after ten passages on antibiotic-free agar plates.
With E. coli infections, no development of resistance against fosfomycin was observed during the first 3 days treatment. Thereafter, the treatment time for E. coli infection groups was extended. Still there was no significant change both in the mutant fraction and antibiotic susceptibility in all dosage groups during the last 6 days and post-treatment period. In the meanwhile, bacteria counts Validation of the MSW hypothesis with fosfomycin A-j Pan et al decreased to 2 log10 CFU ml -1 (the limit of detection) ( Figure 2a ) at day 9 after fosfomycin treatment.
Correlation of PK/PD indices with P. aeruginosa mutant enrichment and amplification Comparison of MPC-based pharmacokinetic variables, determined as steady-state values after the sixth dose, with the emergence of resistant mutants are displayed in Table 2 . Rabbits in group A and B whose pharmacokinetics data cannot be obtained were excluded from the PK/PD analysis. For no rabbit was loss of susceptibility seen when AUC 24 /MPC was 410 h, where AUC 24 is the area under the drug concentration-time curve in a 24 h interval. When the maximum concentration (Cmax)/MPC were taken into consideration, the upper boundary of MSW was 1.8. However, when the Cmax/MPC was 41.8, loss of bacterial susceptibility occurred in 1 of 5 rabbits. Besides, mutants were recovered from all 15 rabbits when the fosfomycin concentration was above the MPC for o70% of the dosing interval.
Considering the fact that MPC-based PK/PD indices were reported to . Three days after infection, various doses (0, 30, 100, 300, 600, 900 and 1200 mg kg -1 of body weight daily by use of i.v. drip) of fosfomycin were administered as 8 hourly doses for 9 days (E. coli) or 3 days (P. aeruginosa).
Validation of the MSW hypothesis with fosfomycin A-j Pan et al be more suitable for predicting mutant-restricting antimicrobial doses than MIC-based indices, 15,19 the latter indices were not shown in Table 2 .
Biological fitness cost of mutants The biological fitness of the in vitro-isolated resistant mutants was determined as the growth rate in tissue-cage fluid under aerobic and anaerobic condition. Randomly selected, single-step resistant mutants (n = 10; 5 E. coli and 5P. aeruginosa) derived from the susceptible parental strains were chosen and results for representative strains are shown in Figure 4 . With E. coli, resistant mutants showed a significant slowing in their rate of growth compared with the susceptible parental strains under both aerobic and anaerobic condition. The single-step in vitro mutant strains were found to have an average doubling time of 43 min for susceptible strains and 84 min for resistant strains under aerobic condition. When grown under anaerobic conditions, the single-step mutant strains had markedly lower growth rate. The average generation time for E. coli was 55 min (susceptible strains) and 142 min (resistant strains). With P. aeruginosa, no significant difference in growth rate could be detected between the susceptible and resistant strains under either aerobic or anaerobic conditions (Figure 4b ).
DISCUSSION
One particular consideration regarding the clinical application of fosfomycin is the potential for the emergence of resistance during monotherapy. 3, 6 As it is now widely accepted that hypoxic environments impact the activity of some classes of antibiotics including fosfomycin, we examined activity under aerobic conditions and also under anaerobic conditions which are more relevant to in vivo conditions. Our experiments showed that both E. coli ATCC 25922 and P. aeruginosa ATCC 27853 have high mutation frequency to fosfomycin resistance under both aerobic and anaerobic conditions (Table 1) , suggesting fosfomycin-resistant mutants are easily obtained in vitro.
With the in vitro time-kill studies, fosfomycin exhibited excellent inhibiting but not killing activity against both E. coli and P. aeruginosa with activity greater under anaerobic conditions. These results are consistent with previous studies that have examined the activity of fosfomycin alone. 20 Under both aerobic and anaerobic conditions, inhibitory activity of fosfomycin lasted for 12 h but there was re-growth thereafter for both strains at antibiotic concentrations of × 4, × 8 and × 16 aerobic MIC (Figure 1 ). However, no emergence of fosfomycin resistance was detected when the antibiotic concentration below the MIC (at concentration of × 0.5 aerobic MIC) or above the MPC (at concentration of × 32 aerobic MIC). This phenomenon was in accord with the MSW hypothesis, which maintains that antibiotic concentrations inside the MSW are expected to allow the acquisition of resistance concurrently with eradication of susceptible pathogen populations. 8 On the basis of these in vitro findings, it seems that resistance development would be extremely likely if this agent was used as monotherapy to treat infections caused by E. coli and P. aeruginosa, potentially leading to treatment failure. However, results from in vitro studies are often inconsistent with in vivo data.
Data from our animal model demonstrated that the selection window for fosfomycin against P. aeruginosa exists in vivo. Its boundaries fit well with those determined in vitro, indicating that suboptimal antibiotic dosage regimens may be a significant risk factor for emergence of resistance. It is interesting to note that the time for the mutant selected were different during therapy when drug concentration fell in a different portion of the MSW, 9,10,12 but it was not observed in the present study. The mutants were selected at day 2 after fosfomycin treatment in all groups ( Figure 3 ) and showed high-fosfomycin MIC levels (32-128 μg ml -1 ). In order to optimize dosages with respect to minimizing resistance development, we further investigated the relationship between PK/PD parameters on the basis of the MPC concept and the emergence of resistant mutants. The results showed that when AUC 24 /MPC and T 4MPC were above 90 and 70%, respectively, complete eradication occurred and no decrease in susceptibility was observed. However, the present work cannot identify the most predictive index, since only one organism was tested.
The rapid development of drug resistance as the major drawback of fosfomycin seems to have already become a consensus. 3, 6, 21 With E. coli, however, the data generated in vivo did not agree with the results attained in vitro. The selection of resistant mutants of E. coli was not observed in our animal model, regardless of whether the fosfomycin concentrations were inside or outside the selection window. In our in vitro studies, E. coli ATCC 25922 compared with P. aeruginosa ATCC 27853 exhibited lower frequencies of mutants to fosfomycin under both aerobic and anaerobic conditions (Table 1) . Overall, however, the differences seem to be marginal, and both of these two strains had a high mutation frequency to fosfomycin resistance. More importantly, the mutants of both strains with increased MIC were readily selected at the end point of the in vitro time-kill studies. So, the lower resistance mutation frequencies of E. coil are insufficient to explain the absence of resistance mutants in vivo. Actually, the apparent discrepancy between in vitro results and observations of animal studies is not haphazard. One possible mechanism is that E. coil often confer a biological fitness cost to the resistant bacteria that can be observed as a decreased growth rate in vitro and in vivo. 18 Biological fitness is a significant determinant of bacterial survival. A mathematical model has found that such costs rapidly reduced the probability of development of fosfomycin resistance, because the resistant bacteria usually are inferior to normal bacteria and can easily be outcompeted. 22 In this study, most of the in vitro-isolated resistant mutants of E. coli showed a decreased growth rate compared with the susceptible parental strains under both aerobic and anaerobic conditions, whereas no biological fitness cost associated with acquisition of fosfomycin resistance in P. aeruginosa was observed. Previous studies on the mechanism of fosfomycin resistance demonstrated that this divergence between E. coli and P. aeruginosa could be attributed to the fact that they apparently differ in the specific target genes for mutation and their metabolic implications. 6 In vitro measurements cannot account for the host's immune response, which is necessary for successful recovery from infectious diseases. Recently, Handel et al. 23 demonstrated that an immune response that retains its strength despite a strong drug-induced decline of bacteria numbers considerably narrows the MSW and reduces the emergence of resistance. In addition, less-fit mutants, such as fosfomycin-resistant E. coli mutants, are considered to be more readily eliminated by the immune system compared with the parental strain. 23, 24 On the other hand, fosfomycin may have several modulatory effects on immune system function. Previous studies reported that fosfomycin enhances the phagocytic killing of invading pathogens by host cells. 25 It was also able to induce the enhancement of the depressed phagocytic response of polymorphonuclear cells in immunocompromised patients. 26 Above all, a brisk immune response and mechanisms responsible for biological fitness cost provide a conceivable explanation of why fosfomycin-resistant mutants could be detected in rabbits infected with P. aeruginosa but not with E. coli.
Maybe the exact mechanisms responsible for the absence of emerging resistance to fosfomycin in vivo are complicated and involve more factors. But it is interesting to note that the results of our experiment are in accordance with fosfomycin-related clinical data. In a case-control study including 113 patients with E. coli UTIs, no resistance to fosfomycin was detected and clinical cure rates were high (93%). 27 In contrast, the emergence of resistance to fosfomycin 
Validation of the MSW hypothesis with fosfomycin
A-j Pan et al appears to be relatively frequent for systemic infections with P. aeruginosa; values between 7 and 20% have been reported in four relevant studies. 21 Besides, susceptibility patterns of E. coli have remained relatively stable since the introduction of this agent in clinical practice almost 40 years ago. 28 Although fosfomycin is not used as monotherapy for treatment of the P. aeruginosa infection, a study of 228 cases over a period of 12 years showed a significant decline in the susceptibility to fosfomycin over time. 29 This probably because clinically relevant concentrations of fosfomycin combined with other antimicrobial agents enhance bacterial killing of P. aeruginosa, but do not suppress the emergence of fosfomycin resistance. 30 Our findings may contribute little to clinical management, because clinicians use fosfomycin mainly as a combination therapy rather than as monotherapy. However, these intriguing in vitro and in vivo results suggest that the emergence of antibiotic resistance in a bacterial population is shaped by several factors. Appropriate antibiotic dosing is the key to prevent the emergence and proliferation of antibiotic-resistant strains, but it is only a part of the issue, and not even the most important. Some specific factors, such as the biological fitness costs and the host immune response, should not be ignored. Furthermore, MSW theory should not be completely disproved. However, before it can be used as a framework for the design of antimicrobial therapy, the existence of the window must be demonstrated not only in vitro but also in vivo.
MATERIALS AND METHODS
Antimicrobials and chemicals
Penicillin, as a sodium salt for injection, was purchased from Zhongnuo Pharmaceutical Group Corporation (Shijiazhuang, China). A batch of fosfomycin sodium and cis-propenylphosphonic acid (cPPA) were purchased from Northeast Pharmaceutical Factory (Shenyang, PR China). Fosfomycin standard was acquired from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The N,O-bis (trimethylsilyl) trifluoracetamide with 1% trimethylchlorsilane was obtained from Sigma-Aldrich (St Louis, MO, USA). All other chemicals used in these experiments were of analytical grade.
Bacterial strain and susceptibility testing
Two standard strains of Gram-negative bacteria, those are E. coli ATCC 25922 (American Type Culture Collection, Manassas, VA) and P. aeruginosa ATCC 27853, were selected for the study and were preserved on cryovial beads at − 80°C at the Anhui Center for Surveillance of Bacterial Resistance. MIC of fosfomycin was determined by agar dilution in agar medium containing 25 μg ml -1 of glucose-6-phosphate according to a standard procedure described by the Clinical and Laboratory Standards Institute in 2012. 31 The measurement was followed by a second determination, plus a replicate that utilized linear drug concentration increments (10% per sequential increase). The fraction of the colonies that were recovered was plotted against the drug concentration to determine the MIC 99 by interpolation.
The MPC was determined as described elsewhere. 32 Briefly, high-density cultures were prepared from overnight cultures grown in liquid medium followed by a 10-fold dilution and 4 h of incubation with shaking at 35°C
. A series of Mueller-Hinton agar (Difco) plates containing known antibiotic concentrations and 25 μg ml -1 glucose-6-phosphate were inoculated with ca. 10 10 CFU of bacteria. The inoculated plates were incubated for 72 h at 35°C and screened visually for growth. Preliminary MPC was recorded as the lowest drug concentration that prevented growth. To estimate the exact MPC, logarithms of bacterial numbers were plotted against antibiotic concentrations. MPC was taken as the point where the plot intersected the theoretical limit of detection (log CFU ml -1 = 1). MIC and MPC were determined under both aerobic and anaerobic conditions.
Mutation frequency determination
For an estimation of the in vitro spontaneous mutant frequency of E. coli and P. aeruginosa, 25 independent 3 ml Luria-Bertani (LB) broth cultures were inoculated with~10 3 cells and grown to saturation (ca. 3 × 10 9 CFU ml -1 ) at 35°C. Aliquots from successive dilutions or concentrated cultures were plated onto Mueller-Hinton (MH) agar plates containing fosfomycin at × 4, × 8 or × 16 aerobic MIC and 25 μg ml -1 of glucose-6-phosphate. In addition, appropriate dilutions without antibiotic were plated onto MH agar plates to estimate viability. The number of colonies growing after 24 h of aerobic or anaerobic incubation was determined. The mutation frequency was calculated from the median number of resistant cells divided by the total number of cells per milliliter of culture. MIC values were calculated for three representative spontaneous mutants and compared with those for the parental strain.
In vitro time-kill studies
In vitro bactericidal activities of fosfomycin against high-inoculum of E. coli and P. aeruginosa were assessed by modified time-kill assays. 33 High-inoculum time-kill studies employed log-phase cultures which were diluted into 34 ml (equivalent to the volume of Wiffle ball used in tissue-cage infection model) of prewarmed 35°C LB broth medium to yield initial cell count of 3.0 × 10 8 CFU ml -1 . The drugs were added to the bacterial cultures at concentrations corresponding to × 0.5, × 4, × 8, × 16 and × 32 aerobic MIC and 25 μg ml -1 of glucose-6-phosphate. Bacterial cultures and antibiotics were incubated at 35°C under aerobic or anaerobic conditions. Drug-free flasks were included as controls. Surviving bacteria were counted after 0, 4, 8, 12, 24 and 48 h of incubation at 35°C by subculturing 100 μl serial dilution of every flask on MH agar plates. The lower limit of accurate and reproducible detectable colony count was 2 log 10 CFU ml -1 . Each in vitro experiments was performed at least three times.
Tissue-cage infection model
Healthy female New Zealand rabbits (weight, 2.5-3 kg) were provided by the Anhui Medical University Experimental Animal Center. The rabbits were housed individually according to the Guide for the Care and Use of Laboratory Animals. 34 After the rabbits were anesthetized by use of sodium pentobarbital (30 mg kg -1 ) intramuscularly, a plastic ball (Wiffle ball, 43 mm in diameter, with a volume of 34 ml) was implanted subcutaneously into each rabbit through a dorsal midline incision under aseptic conditions. For preventing secondary infection caused by the implantation surgery, penicillin (100 000 IU kg -1 ) was administrated intramuscularly to rabbits twice a day for 3 days. By 4-6 weeks after implantation, each plastic ball were sealed by connecting tissues and filled with clear tissue fluid. 35 Approximately 3.0 × 10 10 CFU E. coli or P. aeruginosa culture was concentrated in 1 ml of 0.9% NaCl and injected into each pre-implanted plastic ball. Two days after infection, 0.5 ml of tissue-cage fluid was withdrawn from each plastic ball for a viable bacteria count. Rabbits having 43 × 10 8 CFU ml -1 viable bacterial cells were treated with various doses of fosfomycin. The experimental protocol was approved by the Committee on the Ethics of Animal Experiments of Anhui Medical University (permit number 13-0406).
Simulated pharmacokinetic profiles
According to the results of the prior experiment, rabbits infected with P. aeruginosa were treated with fosfomycin (as three 8 hourly doses) for 3 consecutive days, whereas E. coli infection groups received longer-duration treatment (9 days). Rabbits were administered fosfomycin at 0 (n = 6), 30 (n = 6), 100 (n = 8), 300 (n = 9), 600 (n = 9), 900 (n = 8) and 1200 (n = 8) mg kg -1 of body weight daily by use of an i.v. drip beginning at 3 days after infection. These rabbits were randomly assigned to each treatment group in order to provide fosfomycin pharmacokinetics at concentrations below the MIC 99 , between the MIC 99 and MPC, and above the MPC.
Pharmacokinetic measurements
Tissue-cage fluid (0.5 ml) was collected from each plastic ball at 0, 1, 2, 4, 6 and 8 h after each fosfomycin dose. Fluid samples were clarified by centrifugation at 8900 g for 10 min and stored at − 80°C. The total drug concentrations of tissue-cage fluid samples were determined by a previously published but Validation of the MSW hypothesis with fosfomycin A-j Pan et al modified GC method. 36 Samples were precipitated with four volumes of methanol containing 200 μg of cPPA per mL as the internal standard and were centrifuged at 16 000 g for 5 min at room temperature. A 100 μl sample of the supernatant was evaporated to dryness under a gentle stream of nitrogen and was derivatized with N,O-bis(trimethylsilyl) trifluoracetamide with 1% trimethylchlorsilane for 15 min at 56°C. A 1 μl aliquot of the silylated solution was applied to the gas chromatograph.
GC analysis was performed using an Agilent 7890A (Agilent Technologies, Shanghai, China), which was coupled to a flame ionization detector equipped with a capillary and HP-5 column (30 m long 0.32 mm i.d.) coated with a 0.25 pm film of phenylmethylsiloxane. The injector and detector temperatures were set at 250 and 270°C, respectively. The oven temperature program used in the analysis had an initial temperature of 150°C that was held for 3 min, and then ramped at 10°C min − 1 to 250°C, and held for 2 min.
Data acquisition was performed with the HP Chem program (Agilent). The relation between the ratio of the peak area of fosfomycin and the peak area of the internal standard and the concentrations of fosfomycin were linear, with a correlation coefficient of 0.9975. The coefficients of variation were 7.7% at 10 μg ml -1 , 6.3% at 50 μg ml -1 and 3.1% at 200 μg ml -1 (n = 6). Intra-day and inter-day coefficients of variations were o5%. The limit of detection was 1 μg ml -1 .
Counts of bacteria
In each animal experiment, surviving bacteria were counted every 24 h of incubation at 35°C by subculturing 100 μl serial dilution of every plastic ball on MH agar plates. In order to account for antibiotic carryover, all samples were diluted sufficiently before plating, therefore reducing the antibiotic concentration below the MIC of the drug. The lower limit of accurate detection was 2 log 10 CFU ml -1 .
Detection of fosfomycin-resistant mutants
Loss of susceptibility was monitored in LB broth at the end point of the in vitro time-kill studies and in tissue-cage fluid obtained daily before fosfomycin administration, during antibacterial treatment, and 24 and 48 h after the termination of fosfomycin treatment. After counting CFU on drug-free plates to determine treatment efficacy, an attempt was made to scrape together all colonies from the most heavily populated plates. This material was resuspended in 7 ml normal saline to obtain an approximate cell density of 1 × 10 8 CFU ml -1 and replated on MH agar plates (supplemented with 25 μg ml -1 of glucose-6-phosphate) with and without × 4 MIC of fosfomycin. Samples were considered to be enriched for drug-resistant mutants if the proportion of resistant CFU observed was ⩾ 1 log 10 greater than the baseline proportion observed in untreated rabbits at day 0. 9 The MICs of fosfomycin for bacteria isolated from plastic ball were determined before and after antimicrobial exposure by using the standard method described above. Moreover, stability of the observed resistance was determined daily by consecutive passaging of bacteria on antibiotic-free agar plates for 10 consecutive days.
Biological fitness cost of mutants
The biological fitness cost associated with the development of fosfomycin resistance was determined by comparing the growth of the resistant strain with that of the susceptible parent strain using growth curves. 20 Selection of resistant mutants were obtained by plating the high inocula (ca. 10 10 CFU) of parental strains on MH agar plates containing 25 μg ml -1 of glucose-6-phosphate and × 8 MIC of fosfomycin, and MICs were determined to confirm resistance. Flasks containing 50 ml of fresh LB broth were inoculated with 0.5 ml of an overnight broth culture of the pathogen to be tested. Subcultures were grown in tissue-cage fluid under aerobic or anaerobic conditions. Appropriate dilutions of cultures were plated on MH agar medium every 2 h. After overnight incubation at 35°C colonies were counted and the generation time was calculated.
Statistical analysis
Fisher's exact test was used for statistical analysis of the pharmacokinetic/ pharmacodynamic data, with an infected but untreated set of rabbits as a control. Po0.01 was considered to be statistically significant.
